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Abstract 
A goethite waste from zinc hydrometallurgical processes has been used to produce a glass-
ceramic in the Na2O–CaO–ZnO–PbO–Fe2O3–Al2O3–SiO2 system. The surface and bulk 
microstructure of this glass-ceramic have been studied by using scanning electron microscopy 
(SEM) and transmission electron microscopy (TEM). The surface was comprised of crystalline 
and glassy areas. Two different types of crystalline growth and two morphologies were 
observed in the crystallized and glassy zones, respectively. The bulk microstructure was 
composed of a homogeneously distributed dendritic network comprised of small crystallites of 
magnetite. A glassy matrix was observed surrounding the magnetite network. Further heat 
treatment produced the precipitation of a non-stoechiometric zinc ferrite with magnetite crystals, 
being the nucleating agents of the secondary phase. 
 
I. Introduction 
Glass-ceramics prepared by controlled crystallization of glasses have become established in a 
wide range of technical and technological applications.
1
 In the “classical method” usually  
applied to produce glass-ceramics, an appropriate mixture of raw materials is melted and poured 
into a mold to produce a glass. The glass is then heat-treated at a certain temperature for a 
period of time, to develop a number of nuclei within the glass. In a second step, the nucleated 
glass is heat treated at a higher temperature where crystals grow from the nuclei. The other way 
to produce glass-ceramics is the “petrurgic method.” In this method, the melt is cooled inside 
the furnace at a cooling rate of 1–2°C/min. During the cooling the melt goes through different 
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crystallization steps with enough time to precipitate the corresponding crystalline phase.
2
 The 
petrurgic method, which is used less because of the difficulty in controlling the crystal size, is 
very useful to produce glass-ceramics from melts containing a high percentage of transition 
metals which produce a significant tendency toward crystallization. 
3
 The petrurgic way has 
been widely applied to produce glass-ceramics from basalt rocks.
4
 The process of metallic zinc 
production gives rise to large amounts of inorganic wastes (goethite and jarosite wastes) as red 
muds. These wastes are hazardous because they contain large amounts of toxic heavy elements 
such as zinc, lead, copper, chromium, cadmium, and mercury. Recent investigations have 
proposed the use of these wastes in several applications, viz., fabrication of building materials
5
 
and refractories
6
 or preparation of pigments.
7
 Up to now, these wastes have been stored in 
landfills without satisfactory solutions for their application in new materials. 
The goethite waste is a valuable source of oxides including SiO2, CaO, MgO, Al2O3, and Fe2O3. 
Because of its high iron oxide content (~68 wt%), it is expected that melts with a considerable 
amount of goethite waste can produce petrurgic glass-ceramics. The glass-ceramic process has 
already been applied for recycling of other wastes such as coal fly ashes,
8,9
 fly ashes from urban 
waste incinerators,10,11 and nuclear wastes.
12,13
  
The present work is part of a wider project utilizing goethite waste to produce new stable glass-
ceramics with high technological properties suitable for use as building materials. The 
characterization of goethite red mud and its use in glass formation have been previously 
reported.
14–16
 The aim of this research is to produce a petrurgic glass-ceramic by using goethite 
waste as the main raw material and to carry out microstructure characterization in both the bulk 
and the surface of the glass-ceramic. 
 
II. Experimental Procedure 
Goethite waste (FeOOH) from the Nuova Samín factory (Sardinia, Italy) was used. Table I 
shows the chemical composition determined by X-ray fluorescence analysis. Dolomite 
(CaCO3·MgCO3) from Villavieja (Valladolid, Spain) and Spanish glass cullet were added to 
adjust the starting melt composition. The chemical compositions of dolomite and glass cullet are 
also shown in Table I. 
A mixture containing 60 wt% of goethite waste, 10 wt% of dolomite, and 30 wt% of glass was 
prepared. The powder was mixed in a ball-mill for 10 min. A batch of 30 g of mix was 
introduced in fireclay crucibles. A previous study determined that because of corrosion, fireclay 
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crucibles are the best crucibles to melt goethite waste.
17
 The batch was melted in a high-
temperature electric furnace at 1450°C for 30 min. After melting, the material was cast onto a 
copper plate and cooled down in air. X-ray diffraction analyses (Model D5000, Siemens) using 
CuKa radiation and operating at 30 mA and 50 kV were carried out on powder samples (<37 
mm particle size) to identify the different crystalline phases formed after the casting of the melt. 
The microstructural study was accomplished by both scanning electron microscopy (SEM) and 
transmission electron microscopy (TEM). SEM observations were carried out on both surface 
and polished sections in a microscope (Model DSM-950, Zeiss) operating at 20 kV acceleration 
voltage. Energy dispersive X-ray (EDX) was used to determine the chemical analysis of the 
crystalline phases. TEM observations were carried out in a microscope (Model 300, Philips 
Research Laboratories, Eindhoven, The Netherlands) operating at 100 kV. TEM samples were 
prepared by direct carbon replica of etched fracture surfaces (2% HF for 15 s). TEM direct 
observation of thin foil was also accomplished. Thin foil was prepared in ion bombardment 
equipment (Gatan Dual Milling) operating at 6 kV, 20 mA, and 15° tilting angle. 
 
 
3. Results and Discussion 
After cooling the glass-ceramic has a black color with an iridescent surface and metallic 
appearance. Table I shows the chemical composition of the goethite glass-ceramic determined 
by X-ray fluorescence analysis as well as the theoretical composition calculated using the 
compositions of the starting raw materials. The Fe2O3 and ZnO contents, 29.24 and 9.97 wt%, 
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respectively, are greater than those found for glasses and glass-ceramics made from other wastes 
such as slags
18
 or basaltic rocks.
19
 There are some differences between the theoretical and 
experimental compositions; viz., there is a decrease in the content of Fe2O3, Na2O, and PbO and 
an increase in the content of the other components, particularly in the case of SiO2 and Al2O3. 
Taking into account that the silicoalumina crucibles used in the fusion of these glasses 
contained mullite as a crystalline phase, the variations in the composition of the glasses can be 
explained by the different corrosion phenomena that occur during the fusion stage: 
(1) The mullite is unstable in the melted glass here investigated. With 2% in alkaline oxides 
(Na2O), the mullite can dissociate, giving rise to Al2O3 and a glass enriched in silica.
20
 The 
combination of alkaline oxides (Na2O) with the alumina originating from the dissociation of the 
mullite produces a sodium aluminosilicate layer at the walls of the crucible and, consequently, 
the molten glass next to the refractory is enriched in SiO2, reducing at the same time its Na2O 
content.
21
 
(2) The mullite can incorporate as much as 11% Fe2O3, with Fe3+ ions in the octahedral and 
tetrahedral positions of the mullite network.
22
 This incorporation produces a decrease of the 
Fe2O3 content in the molten glass at the same time as it increases the SiO2 
23
 content. 
(3) The decrease of the PbO content in the original glasses with respect to the theoretical 
composition is due to the partial volatilization of this oxide during the melting process. 
X-ray diffraction of the powdered glass-ceramic (Fig. 1) shows the existence of magnetite 
crystals (Fe3O4). Some authors have reported on the influence of Fe2O3 in the nucleation and 
crystallization of silicate glasses. Thus, Rogers et al.
24,25
 found that iron oxide has a large 
influence on the nucleation of glasses with Fe2O3 content higher than 5 wt%. In this study, the 
large iron oxide content in the goethite melt, near 30 wt%, results in glass devitrification during 
cooling through the formation of magnetite crystals. 
Figure 2 shows a SEM micrograph taken from the glass-ceramic surface. Crystallization areas 
formed by small crystals growing from a central nucleus are observed. The crystals are 
surrounded by an amorphous matrix, exhibiting different textures. Figure 3 shows that the 
crystals precipitated on the glass-ceramic surface have radial and dendritic microstructures. 
Radial crystallizations (Fig. 3(a)) are symmetric with three symmetry planes (3m). Small 
crystals (~50 mm diameter) have high contrast due to the emission of secondary electrons 
produced by higher contents of heavy elements in the symmetry center acting as growth nuclei. 
Dendritic crystallizations are also precipitated on the glass-ceramic surface (Fig. 3(b)). In 
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this case the crystal grows from highly contrasted axes called “fiber axes.” Secondary fibers 
grow perpendicularly from the fiber axes. This growth is due to gradual segregation of iron 
oxide ions, which have high diffusion in silicate melts.  
 
Fig. 1. XRD pattern of the as-melted glass-ceramic showing the crystallization of magnetite. 
 
 
Fig. 2. SEM micrograph of the glass-ceramic surface showing a crystallization area surrounded 
by a glassy matrix. 
 
Figure 4 shows in more detail the microstructure of the surface glassy matrix. Two zones with 
different morphology are differentiated. Zone A presents waves homogeneously distributed on 
the surface and with a wavewidth of ~10 mm. On these waves other foldlike waves with less 
wavewidth are developed (zone B). This morphology is an indication of phase separation with 
different chemical composition via spinodal decomposition. Table II shows representative EDX 
analyses acquired from the crystals and from the surrounding glassy matrix. The area 
crystallized shows a high concentration of Fe2O3 and SiO2, whereas the analysis recorded from 
the glassy matrix indicates an increase of PbO. The differences observed by SEM in the glassy 
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matrix morphology (zones A and B) are due to their different chemical compositions. Zone A 
shows a higher content of SiO2 and CaO, while Fe2O3 and MgO are higher in zone B. 
  
Fig. 3. SEM micrographs of the different crystals precipitated on the glass-ceramic surface: (a) 
crystals showing radial growth; (b) crystals showing dendritic growth. 
 
 
Fig. 4. SEM micrograph of the surface glassy matrix showing waves with different wavewidth 
(zones A and B). This morphology is indicative of phase separation via spinodal decomposition. 
 
A wide range of glass-in-glass phase separation was expected in this glass-ceramic because the 
main glass system is (ZnO–MgO–CaO–PbO)–Fe2O3–Al2O3–SiO2 with a high content of 
modifier ions. It is well known that liquid immiscibility is enhanced in glassy systems with 
bivalent oxides such as MgO and CaO. Similarly, the inclusion of ZnO and PbO increases the 
phase separation in silicate glasses, giving rise to two different glasses (glasses A and B) on the 
glass-ceramic surface.
26  
Table II indicates a high concentration of copper in the glass-ceramic 
surface. In the CuO–Fe2O3 binary phase diagram, Fe2O3 is able to produce a liquid with 20% 
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CuO in the 1000–1100°C temperature range.27 Since the melting temperature (1450°C) is higher 
than the CuO–Fe2O3 liquidus temperature, iron ions can form a liquid with impurities of copper 
ions, coming from goethite waste (see Table I). The CuO–Fe2O3 liquid with low viscosity 
remains in the glass-ceramic surface during the cooling of the melt. 
 
SEM micrographs taken from the polished section of the bulk glass-ceramic are shown in Fig. 5. 
Small crystals of magnetite, <1 mm, precipitate from the melt, giving rise to a homogeneous 
dendritic network. This dendritic solidification is due to both supercooling and solidification 
heat, which produce a negative gradient of temperature in the interface between glass and 
magnetite crystals. The stability of the interface decreases and leads to a dendritic growth by 
thermal diffusion.
28
 
 
Fig. 5. SEM micrograph of a polished section of the bulk glass ceramic showing the dendritic 
network of magnetite. 
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Table II shows the SEM/EDX analyses from the magnetite and glassy phases. There is a large 
fraction of SiO2 (33.78%) and CaO (5.97%) in the magnetite phase. The presence of these 
oxides is due to the limits of spatial resolution in the SEM/EDX method, which is 1 mm, 
whereas the average size of magnetite crystals is 0.7 mm. Thus, the EDX analyses of magnetite 
crystals include some SiO2 and CaO content from the glassy phase. From the data of glassy and 
crystalline compositions shown in Table II and using a mass balance it is possible to evaluate 
the fractions of crystalline and glassy phases in the bulk glass-ceramic. Based on Fe2O3 and 
CaO values, the calculated fractions are 25% and 75% for the crystalline and glassy phases, 
respectively. 
Figure 6 shows a TEM micrograph taken from a carbon replica of the same material. The 
dendritic development of rounded crystals with 0.7 mm average size is observed. The crystals 
grow at an angle of 90° from the principal crystallization axis. This growth, which is not usual 
in conventional glass-ceramics, is similar to that found in some solidified metals,
29 
inorganic 
phosphate crystals such as KTP,
30
 and some alloys that follow the Rappaz and Thevoz equiaxial 
dendritic model.
31  
Therefore, because of the external appearance and microstructure shown by 
these glass-crystalline products, they can be considered a new family of materials, 
“pseudometals,” intermediate materials between ceramics and solidified metals. 
Figure 7 shows a TEM micrograph of a thin-foil glass-ceramic. The dendritic network is 
comprised of spherulitic crystals of magnetite with ~0.6 mm average size, which are clusters of 
nanocrystals with an average diameter <0.7 mm.  
In Figure 6 a residual glass between dendrites is observed. Previous research carried out by 
differential thermal analysis (DTA) has found that the goethite glass-ceramic has a 
crystallization peak at 810°C,
15,16
 which indicates residual glass devitrification during further 
heat treatment of the goethite glass-ceramic. 
 
Fig. 6. TEM micrograph of the bulk glass-ceramic. The samples were prepared by direct carbon 
replica of etched fracture surface (2% HF for 15 s). 
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Fig. 7. TEM micrograph of a glass-ceramic thin foil glass-ceramic. 
 
Figure 8 is an SEM micrograph showing the microstructure of the glass-ceramics heat-treated at 
750°C for 1 h. A new crystalline phase formed by cubic crystals is precipitated. The crystals 
have an average size in the 10–20 mm range. EDX analysis identifies this phase as a zinc ferrite 
with composition 16.5 ZnO·83.5 Fe2O3 (wt%), which corresponds to a ZnFe2.5O4 ferrite. The 
zinc ferrite crystals near the dendritic network have a larger size and are joined to magnetite 
crystals (Fig. 9). This ferrite–magnetite join and the fact that the zinc ferrite is a non-
stoichiometric ZnO·Fe2O3 ferrite with an excess of Fe2O3 indicate that magnetite crystals are 
nucleating the ferrite phase through the incorporation of ZnO from the glassy phase to 
magnetite crystals, resulting in the growth of a [(FeO)x(ZnO)1−x]·Fe2O3 ferrite. A TEM 
micrograph of zinc ferrite crystals (Fig. 10) shows that small crystalline areas comprise the 
ferrite. The corresponding electron diffraction pattern recorded from this sample shows the 
[111] orientation of the ferrite, which has a spinel type of cubic structure (Fig. 11). The 
chemical properties of this glass-ceramic have been studied in an earlier work through hydrolitic 
durability tests. After testing the glass-ceramic did not show loss of weight or variation in the 
appearance of its surface.
15 
 
Fig. 8. SEM micrograph showing the microstructure of the glass-ceramic heat-treated at 750°C 
for 1 h. A new crystalline phase formed by cubic crystals of zinc ferrite is precipitated. 
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Fig. 9. SEM micrograph of the glass-ceramic heat-treated at 750°C for 1 h showing the join 
between zinc ferrite and magnetite crystals. 
 
 
Fig. 10. TEM micrograph of a thin foil of the glass-ceramic heat treated at 750°C for 1 h 
showing zinc ferrite crystals. 
 
 
Fig. 11. Electron diffraction pattern recorded for the glass-ceramic heat-treated at 750°C 
showing the [111] orientation of the zinc ferrite crystal. 
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IV. Summary  
Glass-ceramic technology allows the transformation of dangerous wastes such as goethite mud 
into useful solid products. The melting of goethite with other adequate raw materials (dolomite 
and glass cullet) produces stable glass-ceramics. The chemical composition of the glass-ceramic 
investigated in this work had a Fe2O3 content near 30 wt%, a value greater than that 
corresponding to glass-ceramics made from slags or basaltic rocks. The glass-ceramic had a 
black and iridescent surface. The surface was comprised of radial and dendritic crystallizations 
surrounded by a glassy matrix. The morphology of this glassy matrix showed phase separation 
via spinodal decomposition. The high Fe2O3 content had a large influence on the melt 
crystallization, producing a glass-ceramic with a microstructure formed by a dendritic network 
of magnetite crystals. The magnetite crystals gave rise to a nucleating effect in the 
crystallization of spinel zinc ferrite as a secondary phase. 
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